ABSTRACT: The cheetah (Acinonyx jubatus) has been considered a paradigm for disease vulnerability due to loss of genetic diversity. This species monomorphism has been suspected to be the basis for their general poor health and dwindling populations in captivity. North American and South African captive populations have high prevalences of hepatic veno-occlusive disease, glomerulosclerosis, gastritis, and systemic amyloidosis, diseases that are rare in other species. Unusually severe inflammatory reactions to common infectious agents have also been documented in captive cheetahs. The current study compared disease prevalences in free-ranging Namibian cheetahs with those in two captive populations of similar ages. The occurrence of diseases in the free-ranging population was determined from 49 necropsies and 27 gastric biopsies obtained between 1986 and 2003 and compared with prevalences in 147 North American and 80 South African captive cheetahs. Except for two cheetahs, the free-ranging population was in robust health with only mild lesions present, in contrast with significantly higher prevalences in the captive populations. Despite widespread heavy Helicobacter colonization in wild cheetahs, only 3% of the free-ranging population had moderate to severe gastritis, in contrast with 64% of captive cheetahs. No severe inflammatory reactions to viral infections were detected in the free-ranging animals. Because free-ranging Namibian cheetahs are as genetically impoverished as captive cheetahs, these findings caution against attributing loss of fitness solely to genetic factors and attest to the fundamental importance of extrinsic factors in wildlife health.
INTRODUCTION
Loss of polymorphism is common to many endangered species, but whether low genetic diversity correlates with loss of fitness remains unproven. Although most terrestrial carnivores lack the diversity of other mammals, cheetahs (Acinonyx jubatus) are unique in the extent to which they have lost polymorphism , and this homogeneity has been suspected as the cause of poor health and reproductive failure in captivity (O'Brien et al., 1985; O'Brien and Evermann, 1988; Marker-Kraus, 1997) . High neonatal mortality rates in cheetahs have been cited as further evidence of genetic impoverishment (O'Brien et al., 1985) . However, subsequent studies have shown predation to be the principal cause of death in wild cheetah cubs (Laurenson et al., 1995) , and management to affect rates of juvenile mortality in captivity (Wielebnowski, 1996) . Although fitness is usually measured by reproductive parameters, compromised health may be of equal consequence.
Cheetahs were suspected to be particularly vulnerable to infectious diseases because the species lacks heterogeneity at MHC loci that encode peptides mediating immune responsiveness to pathogens (O'Brien et al., , 1985 (O'Brien et al., , 1987 . The occurrence of catastrophic feline infectious peritonitis (FIP) epidemics in captive cheetahs was cited as support for this hypothesis (Evermann et al., 1983) . The propensity for cheetahs to maintain persistent viral infections and develop atypical immune responses to common pathogens (Evermann et al., 1988; Junge et al., 1991; Eaton et al., 1993; Steinel et al., 2000; Munson et al., 2003) may also have a genetic basis, although modulation of the immune response by chronic stress has also been proposed . In light of these suspected inherent vulnerabilities to viral agents, we were surprised to find that morbidity and mortality in North American (NA) cheetahs were principally due to chronic degenerative diseases, such as veno-occlusive disease, glomerulosclerosis, and amyloidosis, rather than infectious disease (Munson, 1993; Papendick et al., 1997; Bolton and Munson, 1999) . Furthermore, the prevalence and severity of these diseases in both captive populations differed among facilities, suggesting an environmental effect.
To investigate this possible environmental influence, we surveyed a population of free-ranging cheetahs from the farmlands of north central Namibia for similar diseases. This population historically produced the founders of NA and South African (SA) captive populations (Marker-Kraus, 1997) . If veno-occlusive disease, glomerulosclerosis, gastritis, and amyloidosis have a purely heritable basis, then free-ranging Namibian cheetahs should have similar high prevalences of these diseases. As free-ranging cheetahs in this region are exposed to the same viruses as captive populations and are as genetically impoverished as captive cheetahs, this population would also be expected to have compromised health from persistent viral diseases.
MATERIALS AND METHODS
Because histopathology is the only definitive method to detect the diseases of interest, organ samples were obtained opportunistically from 49 free-ranging cheetahs that died between 1986 and 2003 in the farmland region of north central Namibia (19Њ30ЈS to 23Њ30ЈS and 16ЊE to 19ЊE) . Necropsies were performed by local biologists, veterinarians, or hunters on cheetahs that died from gunshot (nϭ38), vehicular trauma (nϭ5), choke (nϭ3), capture cage trauma (nϭ1), or euthanasia due to infection (nϭ2). Wild-caught animals held captive for Յ30 days were included in the study because that interval was considered insufficient for the development of chronic degenerative diseases as a result of captivity. Gastric biopsies collected during routine health exams of 27 cheetahs, captured by farmers to avert threats to livestock , were also included in the study. Gastric biopsies were obtained under general anesthesia (Telazol ; tiletamine-HCl and zolazepam-HCl; 4 mg/kg IM; Warner Lambert, Ann Arbor, Michigan, USA). All cheetahs were intubated and then 15 biopsies were obtained from the gastric fundus with a flexible, fiberoptic endoscope (donated by Olympus America, Inc., Melville, New York, USA) and a 2.0-mm flexible biopsy forcep (Endoscopy Support Services, Inc., Brewster, New York, USA).
Age classification took into account body weight, body size, tooth wear, gum recession, wear on pads, pelage and scarring, social groupings of animals caught together, and reproductive condition (Marker and Dickman, 2002) . Lower premolars were categorized by cementum aging, and these results correlated with other age estimates (Marker and Dickman, 2002) . Only those cheetahs that were 24 or more months old (approximate age of sexual maturity) were included in the study because the diseases prevalent in captive animals occur principally in adults (Munson, 1993; . The Namibian study animals ranged from 2 to 10 yr old (median ageϭ6 yr) with only one animal Ͼ8 yr old. The study population included 41 males, 27 females, and eight animals of unrecorded sex.
Tissues were fixed in 10% buffered formalin, paraffin embedded, sectioned at 7 m, and stained with hematoxylin and eosin (H&E). Samples of liver and kidney were also stained with Masson's trichrome (Luna, 1992) , and sections of stomach were stained with Warthin Starry's silver stain (Luna, 1992) . Veno-occlusive disease (VOD), glomerulosclerosis, and gastritis were graded by one author (L.M.) using previously published criteria (Munson, 1993; Munson et al., 1999) . Lymphoid aggregates in the deep lamina propria of the stomach were considered normal and were not included in gastritis grading (Stolte and Meining, 2001) .
Samples from all organs of each animal were not available, so prevalence statistics were calculated as a percentage of organ samples available. Histopathology results from 48 liver, 47 kidney, 61 stomach, 35 lung, 34 heart, 33 small intestine, 31 colon, 32 spleen, 26 pancreas, 23 adrenal gland, and 17 skeletal muscle samples were used for prevalence statistics. Brains from nine cheetahs and reproductive tracts from 19 males and 11 females were also evaluated.
Histopathology information on NA and SA a Only cheetahs 2-8 yr are included to conservatively match the age range of free-ranging cheetahs. A subset of this data has been published previously. (Munson, 1993; Papendick et al., 1997; Bolton and Munson, 1999) . b Prevalences are expressed as the proportion (%) of tissues available. Lesions of all grades are included. c Not all gastric biopsies had Warthin Starry stains available to confirm the presence of bacteria.
animals were obtained from the cheetah pathology database developed by one author (L.M.). The NA and SA animals died between 1988 and 2002; a subset of this data was previously reported (Munson, 1993; Munson et al., 1999) . All histopathology was performed by the same pathologist (L.M.) using consistent classification and grading of lesions (Munson, 1993; Munson et al., 1999) . Only data from captive cheetahs 2-8 yr old were included for prevalence comparisons because all except one Namibian cheetah were in this age range. Because the diseases of concern tend to increase with age, exclusion of older captive animals from the analyses was considered the most conservative comparison. The single Namibian animal older than this range (estimated as 10 yr old) had only gastric biopsies available for the study. Captive animals that met the age criteria included 147 US cheetahs (47 necropsies and 100 gastric biopsies) and 80 SA cheetahs (30 necropsies and 50 gastric biopsies). The median age for the NA population was 5.5 yr and for the SA population was 5 yr. All captive animals in this study were captive born.
Descriptive statistics were performed for all three populations. Lesion prevalences in freeranging Namibian cheetahs were then compared by Fisher's exact test with prevalences in NA and SA captive cheetahs of the same age range.
RESULTS
Overall, the free-ranging Namibian cheetah population was remarkably free of disease. Lesions that are common and usually severe in captive cheetahs were found only rarely in free-ranging Namibian cheetahs and usually only to a mild degree (Table 1). Captive cheetahs were significantly more likely than free-ranging cheetahs to develop gastritis (RRϭ79.84; 95% CI, 20.06-317.79; PϽ0.0001) or VOD (RRϭ2.17; 95% CI, 1.72-2.75; PϽ0.0001). Most striking was the relative absence in free-ranging cheetahs of moderate to severe forms of these diseases (Fig. 1 ) that account for considerable morbidity and mortality in captive animals. In contrast with captive cheetahs, the majority of freeranging cheetahs did not have gastritis despite being heavily colonized with Helicobacter (Fig. 2) .
In addition to the lesions listed in Table  1 , only one of 32 free-ranging cheetahs from which spleen was available had myelolipomas, in contrast with three of 23 SA cheetahs and 13 of 45 NA cheetahs. Five of 34 free-ranging cheetahs, nine of 18 SA cheetahs, and six of 45 NA cheetahs had cardiac fibrosis. Conspicuously absent from the free-ranging population was any evidence of viral diseases that afflicted the captive populations, in contrast with seven cases of FIP, three cases of herpes viral infection, and four cases of parvoviral enteritis in the captive-animal populations.
Although most free-ranging cheetahs had minimal or no disease, two animals had notably severe lesions. One 3-yr-old male had end-stage renal disease caused by amyloidosis and glomerulosclerosis. This animal also had severe VOD, cardiac fibrosis, adrenal cortical hyperplasia, and splenic lymphoid depletion, all common lesions in captive NA and SA cheetahs. Another animal, a 2-yr-old male with severe osteoarthritis of the scapulohumeral joint, had severe gastritis and renal amyloidosis. Adrenal glands were not available from this animal to screen for cortical hyperplasia, a morphological indicator of chronic stress.
DISCUSSION
The excellent health of the free-ranging Namibian cheetah population was confirmed by this pathology survey. Although the Namibian study animals did not die for health reasons and may have been biased toward more healthy animals, it also could be argued that animals shot for livestock depredation represent the less fit individuals within a population . Although the occurrence of these typically rare conditions in three geographically distinct cheetah populations suggests a predisposition in this species, the absence of significant health problems in most free-ranging cheetahs that are as genetically depauparate as their captive counterparts indicates that, functionally, genetics is not the only factor determining fitness in this species. Only an environmental effect could account for the high disease prevalences that were observed solely in the captive populations. Thus, a physiologic response to the local environment is likely of equal importance and perhaps of greater importance than genetic influences in determining health in cheetahs.
The relative absence of VOD, gastritis, amyloidosis, and glomerulosclerosis in the free-ranging population in comparison with high prevalences in captive animals of equivalent age suggests that these diseases do not solely occur in captive animals because they tend to live longer than wild cheetahs. Diet also does not appear to be the primary factor in disease development.
South African cheetahs that are genetically similar to NA cheetahs but have diets of unprocessed meat or whole carcasses (comparable with the diet of free-ranging cheetahs) had similar high prevalences of the same unusual diseases as NA cheetahs ). An additional interesting result of this study was confirmation that VOD can occur in free-ranging animals, which refutes the hypothesis that estrogens in captive diets cause VOD (Setchell et al., 1987) .
Current medical research is disclosing substantial adverse effects of chronic stress on human health (Sapse, 1997; Sher, 2004) , and the immunologic and metabolic alterations that develop during persistent hypercortisolemia may also affect cheetahs. We have previously measured higher fecal corticoid concentrations and larger adrenal cortices (physiologic and morphologic indices of chronic stress) in captive cheetahs . Additionally, a higher proportion of captive cheetahs have adrenal cortical hyperplasia than free-ranging cheetahs (Table 1) . We further have documented a prolonged elevation of corticosteroids in response to environmental change in cheetahs (Wells et al., 2004) . We have suspected that persistent hypercortisolemia may influence the development of glomerulosclerosis and may stimulate cytokine shifts (Chiapelli et al., 1994; Ramirez, 2003) that favor the development of gastritis. The high prevalence of Helicobacter in wild cheetahs in the absence of gastritis substantiates our suspicion that Helicobacter is a commensal organism. The relative absence of diseases in the free-ranging cheetah population that also had significantly lower corticoid levels provides further support for a role of chronic stress in the pathogenesis of these diseases.
The aspects of the captive environment that promote this adrenal response have not been elucidated. Restricted space and lack of exercise in captivity are possible stress factors (Mason et al., 2001; Clubb and Mason, 2003) because free-ranging cheetahs have large home ranges as well as physical and behavioral adaptations for chasing prey . Cheetahs also are largely solitary, avoiding contact with humans, other carnivores, and unrelated cheetahs except during mating (Caro, 1994) . Involuntary exposure to other animals in captivity could be perceived as threatening, leading to chronic stress. A theory that would embrace current genetic, ecological, and biomedical knowledge of the cheetah would be that loss of polymorphism has limited the capacity of this species to adapt to the captive environment, resulting in a chronic stress response that exacerbates and accelerates disease development by modulating normal physiologic homeostasis and immunity.
If, as these data suggest, the genetically impoverished cheetah is not adaptable to environmental change, then conservation strategies should focus on preserving habitat so that free-ranging populations can flourish. If capture and translocation induce physiological responses that affect homeostasis, then their increasing use in conservation management and censusing is of concern. To investigate this possibility, we currently are monitoring the development of degenerative and inflammatory diseases in previously free-ranging cheetahs that have been captured by farmers as problem animals and then kept in captivity because they were nonreleasable. A fundamental understanding of the extrinsic factors that affect cheetah health will be essential to preserve robust self-sustaining populations.
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